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The objective of this review is to outline the application of bicelles (or called bilayer mi-
celles) and bilayer nanodisks in pharmaceutics, pharmaceutical analysis and biochemistry.
The application of open disk-like structures as model membrane and drug carrier has been
described. The exploration of many reports in different fields suggested that these open
disk-like structures have great potential in studying interactions between drug-membrane
and structure/function studies of membrane-bound proteins. Furthermore, they could be
applied as promising carriers for in vivo delivery of drugs, protein and peptide.
ª 2013 Shenyang Pharmaceutical University. Production and hosting by Elsevier B.V. All
rights reserved.1. Introduction distinguishing structural feature of bicelle is a central planarThe open bilayer disks included bicelles and discoidalmicelles,
formed by lipid/surfactant systems and PEG-stabilized disk-
shaped bilayers. Bicelles are discoidal lipid aggregates
composed of long-chain phospholipid and either detergent
or short-chain phospholipid. As shown in Fig. 1, theaceutics, School of Pharm
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Fig. 2 e Schematic representation of a PEGelipid stabilized
bilayer disk, composed of long-chain phospholipids (light
blue), cholesterol, surrounded by a rim (dark blue) of and
PEG-DSPE (5000) (anionic) or PEG-Cer (5000) (neutral). (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)
Fig. 1 e Schematic representation of a bicelle showing the
planar region, composed of long-chain phospholipids (dark
green), surrounded by a rim (light green) of short-chain
phospholipid and bile-salt derivative such as CHAPSO. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)
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phospholipids that have identical chain lengths but different
head groups (e.g., dimyristoyl phosphatidylserine (DMPS) or
dimyristoylphosphatidylglycerol (DMPG)) to alter the charge
characteristics of the interface and provide versatility in phos-
pholipid composition [1]. The stability of these bilayered mi-
celles is explained in terms of the preference of the short-chain
lipid for regionsofhighcurvature,which lowers theedgeenergy
of the aggregates [2]. Bicelles can also be prepared with dipal-
mitoylphosphate dylcholine (DPPC) or dilaurylphosphatidyl
choline (DLPC) to vary the total bilayer thickness. The rim, on
the other hand, can be composed of either a bile-salt derivative
such as 3-(cholamidopropyl) dimethylammonio-2-hydroxy-1-
propanesul-fonate (CHAPSO) or a short-chain phospholipid
such as dihexanoy phosphatidylcholine (DHPC).
PEG-stabilized bilayer disks are flat bilayer disks prepared
by a carefully optimizedmixture of 1,2-istearoyl-sn-glycero-3-
phosphocholine (DSPC), cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethy-ene-
glycol)-5000] [PEG-DSPE (5000)] [3]. The bilayer disks are sta-
bilized by inclusion of lipids with PEG tails, which assemble
preferentially along the edge of the disks. The structure ofsuch disk is shown in Fig. 2. The disks show excellent long-
term stability and the size of the disks can be conveniently
regulated by the amount of PEG-substituted lipids included in
the lipid mixture [4,5]. In order to obtain disk form, the
PEGelipid concentration needs to be above that at which the
lipid bilayer becomes saturated with PEGelipid. In case of
PEGelipids containing PEG 2000, and PEG 5000, disk formation
typically begins at PEGelipid concentrations corresponding to
about 5 mol%, and PEGelipid concentrations in the range of
15e20 mol% are required to produce pure disk preparations
[3,5]. The PEG lipids accumulate at the highly curved rim of the
disks, while the phospholipids and cholesterol reside in the
bulk of the bilayered aggregates.
In this review, the two types of open bilayer disks were
classified by assemble structure and their applications were
elaborated from model membrane and drug carriers.2. Bicelles
2.1. Preparations and characterization of bicelles
Bicelles were prepared bymixing appropriate amounts of long
chain (14e18 carbons) and short chain phospholipids (6e8
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mixing the components, the chloroform was removed with a
rotary evaporator and then hydrated with buffer to reach
different lipid concentration. By electron microscopy, bicelles
are with diameter in the range of 10e50 nm and thickness
about 4e6 nm, are slightly different from those of liposomes
and micelles [6].
The combination of a mixture of the long-chain lipid
(DMPC/DPPC) and the short-chain lipid (DHPC/DCPC) in
aqueous solution results in the formation of mixed micelles
that possess a bilayer structure. The ratio of the long-to-short
chain lipid influences the diameter of the resulting disc-
shaped bicelle (Fig. 3) [7]. The long chain lipids are mainly
present in the disc and the short chain lipids are present on
the half torus. Devaux and Warschawski pointed out that the
short chain amphiphile DCPC undergoes a rapid exchange
between toroidal and planar regions [8]. The detergent-like
short chain lipids play the role of stabilizing the edges of the
bicelle nano-disc. In contrast to liposomes and micelles,
bicelles do not have an aqueous inside.
2.2. Drug partitioning studies
It is well known that the basic structure of all biological
membranes is composed of a phospholipid bilayer into which
proteins are integrated. The polar head groups of lipids face
the surrounding water and the fatty acid chains turn toward
each other and direct to the inner part of the bilayer. Thus,
the phospholipid bilayer is the amphiphilic, amphoteric
(including the secondary phosphate and usually a quaternary
amino group), anisotropic and ordered assembly with the
interfacial character [9].
Khaledi’s laboratory studied the molecular interaction
mechanisms of various types of solutes and biomembrane in
LEKC [10,11]. Wang et al. have used LEKC to predict drug oral
absorption and bloodebrain barrier penetration rapidly
[12,13]. Retention factors, also referred to as capacity factors,
determinedwithMEKC andMEEKC, have been correlatedwithFig. 3 e Schematic representation of bicelle (A) larthe octanolewater partition coefficient (Po/w), which in turn is
used to estimate membrane permeability [14,15].
Bicelles usually consisted of two biosurfactants, i.e. DMPC
and DHPC, which are very good fluid membrane-mimetic as-
sembly. Holland et al. coupled bicelles with EKC to study drug-
membrane interactions and determine lipophilicity [16].
Bicelle-mediated EKC is considered superior to MEKC and
MEEKC for modeling biomembrane, in that the latter have key
differences with the biomembrane in the case of physico-
chemical properties: hydrophilicity, lipophilicity, surface
pressure, curvature, exchange rate of monomer with solution
and so on. In addition, the bilayer structure of the liquid
crystal membrane wall is important in estimating membrane
partitioning. Holland et al. had prepared two types of bicelles
of DMPC and DHPC different in q values (0.5 versus 1.0). The
results showed the relative bicelle size does not affect parti-
tioning into bilayer. But for larger molecules (proteins), bicelle
size may affect this interaction. With regards to determina-
tion of lipophilicity of small-molecule compounds (MW
200e500), the differences in bicelle dimensions have little ef-
fect on drug partitioning.
The structural characterization of Amphotericin B DODAB
was conducted in dioctadecyl dimethylammonium bromide
(DODAB) bicelles. A new optical parameter is proposed for the
estimation of the relative amount of amphiphile-bound
monomeric AmB. With theoretical simulations of the
spectra of spin labels incorporated in DODAB bicelles it was
possible to prove that monomeric AmB binds preferentially to
lipids located at the edges of DODAB bicelles, rigidifying them,
and decreasing the polarity of the region [17].2.3. Structure analysis of membrane proteins
Bicelles represent an intermediate between lipid vesicles and
classical mixed micelles. Unlike lipid vesicles, bicelles do not
have inner aqueous compartments and are optically clear.
Unlike classicalmixedmicelles, they retaina bilayereddomainge bicelles (q> 3) and small bicelles (q< 1).
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tional properties of liquid crystalline phase bilayers [18].
Bicelles provide a fully hydrated, planar phospholipid
bilayer environment for membrane proteins which ensures
that they are in their functional, native conformations for
structural studies by NMR spectroscopy and other biophysical
methods [19,20]. Membrane proteins can be embedded in both
isotropic and aligned bicelles, enabling their study bymethods
of solution-state or solid-state NMR spectroscopy. Membrane-
associated proteins are often studied in the presence of
magnetically aligned bicelles [21]. DMPC/DHPC bicelles were
described experimental aspects of the natural abundance (13)
C and (14) N NMR spectroscopy [22]. It has been found that 1-
tetradecanoyl-2-(4-(4-biphenyl)butanoyl)-sn-glycero-3-PC
(TBBPC), which contains a biphenyl group in one of the acyl
chains, forms bicelles stably aligned in a magnetic field over a
wide range of temperatures (10e75 C) when mixed with an
appropriate amount of the short-chain lipid DHPC [23].
Magnetically aligned bicelles are gradually becoming
attractive model membranes to investigate the structure, dy-
namics, geometry, and interaction of membrane-associated
peptide and proteins using solution- and solid-state NMR ex-
periments. The bicelle can be introduced for solid-state NMR
studies of other membrane-associated biomolecules [24e26].
Recently, studies have demonstrated the use of rotating-
frame separated local field techniques to accurately measure
strong hetero nuclear dipolar couplings between directly
bonded nuclei in magnetically aligned bicelles [27]. Moreover,
a mixture of DMPC with the short-chain detergent n-dode-
cylphosphocholine (DPC) is introduced here as a new
membrane-mimetic bicelle system for solid-state NMR
structure analysis of membrane proteins in oriented samples.
The advantage of DMPC/DPC over established bicelle systems
lies in the possibility to use one and the same detergent for
purification and NMR analysis of the membrane protein,
without any need for detergent exchange [28]. The structure of
the membrane protein MerFt with two trans-membrane he-
lices was investigated in aligned phospholipid bicelles by
solid-state NMR spectroscopy [29].
Bicelles were also used as a substitute for a lipid bilayer
membrane to elucidate the conformation of sphingomyelin
(SM) in membranes [30]. SM forms both oriented and isotropic
bicelles were demonstrated through (31) P NMR, (2) H NMR,
and dynamic light scattering experiments that by changing
the ratio of SM/dihexanoylphosphatidylcholine. The confor-
mation of SM in isotropic bicelles on the basis of coupling
constants and NOE correlations in (1) H NMR and found that
the C2eC6 and amide groups of SM take a relatively rigid
conformation in bicelles.
2.4. Function studies of membrane-associated proteins
Results of diacylglycerol kinase (DAGK) activity in various
large bicelle systems (q  2.5) by L. Czerski et al. have shown
that the enzyme activitywas comparable to those found in the
mixed micelles and vesicles [31]. Jennifer A. et al. indicated
that small isotropic bicelles (q ¼ 0.5) provide an excellent
substrate for phospholipase A2, a lipolytic enzyme. The
aligned phase can be used to determine the orientation of the
enzyme at the surface. The isotropic phase can be used toanalyze the structure of the enzyme and to measure the
enzyme activity [32]. Small bicelles can offer nanoscale stan-
dardized membrane mimics for spectroscopic characteriza-
tion of weak encounter complexes formed between
ganglioside clusters and amyloidogenic proteins [33].
Reconstitution of integral membrane proteins into mem-
brane mimetic environments suitable for biophysical and
structural studies has long been a challenge. Isotropic bicelles
promise the best of both worlds-keeping a membrane protein
surrounded by a small patch of bilayer-forming lipids while
remaining small enough to tumble isotropically and yield
good solution NMR spectra [34,35]. Lorieau J.L. and his co-
workers demonstrated that alignment of a structured peptide
or small protein solubilized in bicelles can be altered by either
changing the phospholipid aggregate shape, charge, or both
together. For the hemagglutinin fusion peptide solubilized in
bicelles, they show that bicelle shape and charge do not
change its helical hairpin structure but impact its alignment
relative to the alignment medium, both in charged com-
pressed acrylamide gel and in liquid crystalline d (GpG) [36].2.5. Carriers for drug through the skin
The dimension of bicelles, in the range of 10e50 nm and
thickness about 4e6 nm, is slightly different from those of
liposomes andmicelles. These two nanostructures have often
been used for skin treatment although their application is
debated due to some aspects [37,38]. Liposomes are too large
to penetrate into the narrow intercellular spaces of stratum
corneum (SC) [39]. Concerning the micelles, the usual pres-
ence of surfactant in their composition supposes a problem
due to the well known irritating effect of these solubilizing
agents on the skin [40].
L. Barbosa-Barros and coworkers studied bicelles on skin
treatment formed by DMPC/DHPC at q¼ 2 and CL¼ 20%. These
bicelles can increase skin permeation, elastic parameters, and
decreased skin hydration without affecting SC lipid micro-
structure and without promoting erythema or visual signs of
irritation. This increase in the permeability could be related
with an alteration in the phase behavior of SC lipids by effect
of phospholipids in the bicelles [6]. As the cheerful prospect of
such bicelles in skin treatment, the inclusion of ceramides in
bicelles was also studied. It has been proven that bicelles
support an inclusion of 10% mol ceramides without affecting
their structural integrity [41,42]. The effect of bicelles con-
sisted of DPPC and DHPC (q ¼ 3.5 and CL ¼ 20%) on the
microstructure of the skin was evaluated by the same team
[43]. The DPPC/DHPC bicelles were able to penetrate the skin
SC in vitro and formed vesicles inside the intercellular lipid
spaces. In vivo, the driving force for the rearrangement of the
bicellar lipids would be the hydration gradient across the skin,
which varies from 15% to 29% in the SC and reaches 70% in the
stratum granulosum. The conversion of bicelles into vesicles
inside the SC hinders their migration outside the tissue and
allows for a lipid reinforcement effect in the skin. Moreover,
the possibility of adapting the aggregates’ morphology
depending on the specific application makes the bicelles a
smart nanosystem. These aggregates represent a new skin-
compatible carrier for drug delivery, enriching the skin per se.
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rameters and modulate the skin’s barrier function, acting to
enhance drug penetration [44]. Because of their nano-
structured assemblies, bicelles have the ability to penetrate
through the narrow intercellular spaces of the stratum cor-
neum of the skin to reinforce its lipid lamellae. The bicelle
structure also allows for the incorporation of different mole-
cules that can be carried through the skin layers. Bicelles
should be considered as promising carriers for dermal
applications.
2.6. Other applications
Lorigan and co-workers reported nitroxide spin label data of a
bicelles system that orients in the lower magnetic field of a
conventional EPR spectrometer [45,46]. This opens up not only
the way for bicelles as a medium for EPR spectroscopy, but
also points out that in the future both NMR and EPR can be
performed on the same sample to gain complementary dy-
namic information in two different time scales [57]. The
reduction in EPR signal intensity of nitroxide spin-labels by
ascorbic acid has been measured as a function of time to
investigate the immersion depth of the spin-labeled M2d
AChR peptide incorporated into a bicelle system utilizing EPR
spectroscopy [47]. Bicelles have also been studied by neutron
diffraction to analyze their morphology [2,48] and have been
used to crystallize the bacteriorhodopsin from Halobacterium
salinarum, opening the way to crystallize membrane proteins
from lipid/detergent mixtures [49].3. PEG-stabilized bilayer disks
3.1. Preparations and characterization of PEG-stabilized
bilayer disks
Disks were prepared by different molar ratio of cholesterol,
DSPC, and PEG-DSPE (5000) (anionic) or PEG-Cer (5000) (neutral)
were dissolved in chloroform. The chloroformwas evaporated
under N2, and the remaining chloroform was removed under
vacuum for at least 12 h. The lipid mixture was rehydrated in
buffer to form DSPC/cholesterol/PEG-DSPE (5000), or DSPC/Fig. 4 e (A) DSPC/cholesterol/PEG-DSPE (5000) disks viewed by c
by cryo-TEM. The disks appear as either circles (indicated by arr
orientation towards the incoming electron beam. The scale barcholesterol/PEG-Cer (5000) (45:40:15 mol%) disks. As shown
in Fig. 4, the disks have diameters between approximately 20
and 100 nm and thickness about 4e6 nm [50].
Liposomes are spherical particles constituted of phospho-
lipid bilayers, often including sterols and/or membrane pro-
teins, having an aqueous inside. [51] Liposomes can be either
unilamellar or multilamellar and whereas the surface lipid
leaflet is readily accessible for interactions with solutes, the
inner leaflet and the inner bilayers are initially hidden [52].
Compared with liposome, the disks are open bilayer struc-
tures, with a hydrophobic discoid center built by DSPC and
cholesterol and a hydrophilic PEG edge covering the hydro-
phobic rim by PEG-substituted lipids, without an aqueous in-
side. The disks have the potential to generate more accurate
partition values compared to liposomes with excellent long-
term stability. Size of the disks can be conveniently regu-
lated by the amount of PEG-substituted lipids included in the
lipid mixture.
3.2. Membrane partitioning studies
PEG-stabilized lipid bilayer disk was also introduced as a new
approach in membrane partitioning studies by Elisabet Boija
et al. They prepared two kinds of lipid bilayer disks by DSPC,
cholesterol and PEG-DSPE (5000) (anionic) or PEG-Cer (5000)
(neutral) and presented a pilot study of bilayer disk CE (BDCE),
where disks were introduced as a pseudostationary phase in
the partial filling mode [53]. The solute partitioning into disks
stabilized with PEG-DSPE (5000) was generally more pro-
nounced than the partitioning into disks stabilized with PEG-
Cer (5000), indicating the importance of electrostatic in-
teractions [54]and hydrophobic interactions [51,55]. Further-
more, the variation in the partitioning behavior between
different disk systems appeared to depend on the position and
orientation of the charged/polar groups of the drugs. BDCE
combines the flexibility of CE with the favorable interaction
properties of true lipid bilayers, and represents a useful
addition to the list of modern partitioning techniques
including IAMC, ILC and LEKC.
Moreover, the potential for drug partition studies of these
PEG-stabilized bilayer disks was explored and compared to
uni- andmulti-lamellar liposomes in a series of drug partitionryo-TEM. (B) DSPC/cholesterol/PEG-Cer (5000) disks viewed
ow heads) or rods (indicated by arrows), depending on their
s represent 100 nm.
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methods for the determination of drug partitioning such as
chromatographic [55e57], electrophoretic [58,59] and calori-
metricmethods [60]. From Lundhal and coworkers’ technique,
liposomes and disks were immobilized in chromatographic
gel beads so that the partition of a large set of drugs was
quickly and conveniently assessed. The lipid composition and
choice of PEGelipid have an important influence on the
partition behavior of charged drugs. Comparative studies
using multilamellar liposomes indicated that bilayer disks
have the potential to generate more accurate partition data
than liposomes.
3.3. Function studies of membrane-associated proteins
Comparison of melittin interaction with liposomes, bilayer
disks and micelles showed that melittin binding to lipid ag-
gregates is largely dictated by the amount of highly curved
areas in the aggregates. The PEG-stabilized bilayer disks were
characterized by a combination of small angle neutron scat-
tering, cryo-transmission electron microscopy and dynamic
light scattering. It suggested that bilayer disks, due to their
stable structure, constitute interesting vehicles for transport
of peptides that have high propensity to associate with lipid
surfaces of high curvature [61].
Recently, an HPLC-MS system with stably immobilized
PEG-stabilized disks was used as affinity chromatography to
study interaction of membrane proteins. Functionalized lip-
odisks were immobilized on two different HPLC support ma-
terials either covalently by reductive amination or by
streptavidin-biotin binding. An analytical HPLC column with
immobilized lipodisks was evaluated by analysis of mixtures
containing 15 different drug compounds. The efficiency,
reproducibility, and stability of the system were found to be
excellent [62].
3.4. Carriers for drugs
The PEG-stabilized disks are characterized by excellent long-
term stability, controllable size and biocompatible compo-
nents. Such desired nanodisks remained silent in regarding
applications for drug delivery carriers. Recently, melittin, an
amphiphilic antimicrobial peptide was used to investigate the
possibility of PEG-stabilized lipid disks as carriers for antimi-
crobial peptides. The disk formulation had a significant cell-
killing effect upon a second exposure to bacteria compared
with the free melittin, indicating an extended release of pep-
tide from the lipid disks. These results suggested that the lipid
disks constitute a new class of promising carriers for peptide
antibiotics [63]. Novel similar structure, high-density lipo-
protein (HDL)-like nanodiscs, was also chemically and genet-
ically engineered for the development of alternative drug and
gene delivery vehicles [64].
Furthermore, the disks are assumed to offer larger hydro-
phobic volumes and the size can be controlled to meet
different drug delivery applications. By application of modifi-
cation strategy, disks prepared by PEGylated lipids should be
possible to direct the encapsulated drugs to specific organs
and tissues, which would reduce toxicity and increase thera-
peutic effects.3.5. Other applications
The PEG-stabilized disks have also been used as plant cell
membrane models in partition studies [65]. The lipid compo-
sition of plant cell membranes varies considerably among
different tissues and different plants. A lipid composition that
mimics the root tissue of Zea mays L was chosen for analysis.
Partitioning of neutral nonreactive phenolic compounds rep-
resenting lignin precursor models was determined into disks
and the partition coefficients were calculated.
Biotinylated lipid bilayer disks were also applied for sur-
face plasmon resonance (SPR)-based biosensor analyses as
model membranes. The disks included 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[biotinyl (poly-ethyl-
eneglycol) (2000)] (DSPE-PEG (2000)-biotin) and were prepared
and structurally characterized by cryo-transmission electron
microscopy (cryo-TEM) imaging. The disks were found to bind
stably to the streptavidin-coated sensor surfaces. The in-
vestigations were carried out in SPR-based studies with
cyclooxygenases 1 and 2 (COX 1 and COX 2). The signal
resulting from the interaction was significantly enhanced as
compared with the signal obtained when disks alone were
injected over the surface [66].4. Conclusion and future perspectives
It is evident that there have been significant advances of disk-
like structures as model membrane and drug carriers. Bicelles
have opened a new field for the study ofmembrane associated
or embedded molecules. The versatility of the system is
remarkable andmakes amolecular goniometer of bicelles that
can be oriented in magnetic fields. The nanosized disk struc-
ture stabilized with PEG-DSPE or PEG-PE could influence the
transport and delivery properties of the incorporated drugs.
Moreover, PEG-DSPE or PEG-PE linkage to albumin, antibodies
or receptor would achieve site-specific targeting for drugs.
With the advent of the new polymer materials and advanced
testing methods, their utility and value will certainly expand
in pharmaceutics, pharmaceutical analysis and biochemistry.r e f e r e n c e s
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